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It has been assumed that cells distinguish viral from cellular DNA due to the former’s presence in the cytosol.
However, in this issue, Kerur et al. (2011) propose that the DNA genome of Kaposi’s sarcoma-associated
herpesvirus (KSHV) is recognized inside the nucleus by the DNA sensor IFI16, leading inflammasome
activation.When a cell is infected with a virus, it
responds by producing type I interferons
(IFNs), proinflammatory cytokines, and
chemokines. These then alert neighboring
cells to the presence of a virus and aid in
the recruitment of cells of the innate and
adaptive immune system to the site of
infection. The production of type I IFNs,
cytokines, and chemokines is primarily
regulated by transcription factors such
as interferon regulatory factors (IRFs)
and nuclear factor kB (NF-kB). A second
level of regulation is required for the
secretion of the proinflammatory cyto-
kines interleukin-1b (IL-1b) and IL-18:
these cytokines are synthesized as imma-
ture precursor proteins that need to be
cleaved by the enzyme caspase-1 in
order to be secreted as biologically active
forms. Caspase-1 is itself activated by
proteolytic cleavage, as a component of
a multiprotein complex termed the inflam-
masome. Transcription factor activation
follows the sensing of virus-derived
nucleic acids, such as viral RNA or DNA
genomes, or RNA species generated
during viral transcription or replication,
by cellular pattern recognition receptors
(PRRs). For example Toll-like receptors
(TLRs) sense viral nucleic acids in endo-
somes. RIG-I-like receptors recognize
viral RNA in the cytosol, leading to both
transcription factor and caspase-1 activa-
tion (O’Neill and Bowie, 2010). In contrast
to viral RNA detection, PRRs that sense
intracellular DNA leading to gene induc-
tion and inflammasome activation are
only beginning to be discovered. The first
cytosolic DNA receptor identified was
the protein DAI, which can sense DNA,
including synthetic poly(dA-dT), and uses
the essential signaling adaptor STING in
order to induce type I IFN induction
(Rathinam and Fitzgerald, 2011). DAI,
like other recently described DNA sensorsmediating gene induction such as the
helicases DHX9 and DHX36 as well as
Ku70 have either cell type- or gene-
specific roles (Rathinam and Fitzgerald,
2011). A key inflammasome-activating
DNA sensor recently identified is AIM2,
a cytosolic member of the PYHIN protein
family, which contains a DNA-binding
HIN domain at its C terminus and an
N-terminal Pyrin domain that mediates
its interaction with the inflammasome
component ASC (Rathinam and Fitzger-
ald, 2011). Importantly, AIM2 has been
shown to mediate caspase-1 activation
in response to pathogen DNA in vivo
(Fernandes-Alnemri et al., 2010; Rathi-
nam et al., 2010).
Recently, another human PYHIN
protein related to AIM2, IFI16, has been
shown to mediate DNA-induced tran-
scription factor activation (Unterholzner
et al., 2010). In contrast to AIM2, IFI16
has a predominantly nuclear localization.
However, IFI16 directly bound to IFN-
stimulating viral DNA, colocalized with
transfected DNA in the cytosol, and
recruited STING, causing type I IFN and
cytokine induction (see Figure 1). IFI16
and the related murine protein p204
were essential for IFN induction mediated
by infection of cells with herpes simplex
virus 1 (HSV-1), a DNA virus that repli-
cates in the nucleus (Unterholzner et al.,
2010). In this issue ofCell Host &Microbe,
Kerur et al. now describe a further func-
tion of IFI16 as an innate immune DNA
sensor for a second DNA virus and show
that IFI16 can sense viral DNA in the
nucleus, leading to inflammasome activa-
tion (Kerur et al., 2011).
The paper examines endothelial cells
infected with the Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) and shows that
in these cells IFI16 is required for KSHV-
mediated activation of the inflammasome,Cell Host & Microband consequently for the processing of
pro-IL-1b to active IL-1b during viral
infection. KSHV is a DNA virus that estab-
lishes a latent infection, maintaining an
episomal circular DNA genome in the
nucleus of infected cells. Kerur et al.
show that KSHV infection causes the
activation of an ASC-containing inflam-
masome, with concomitant proteolytic
processing of pro-caspase-1 and pro-IL-
1b (Figure 1). IFI16 associates with ASC
in endothelial cells, and this association
is increased between 2 and 48 hr of
infection with KSHV, but not after expo-
sure to ultraviolet (UV)-inactivated virus.
Furthermore, while both IFI16 and ASC
are predominantly nuclear in uninfected
endothelial cells, they colocalize and
move out of the nucleus to the perinuclear
region in KSHV-infected cells. Using
short hairpin RNAs (shRNAs) targeting
IFI16 or ASC, Kerur et al. demonstrate
that both proteins are essential for the
virus-induced processing of caspase-1.
By overexpressing IFI16, ASC, pro-cas-
pase 1, and pro-IL-1b in HEK293 cells,
which normally lack IFI16 and inflamma-
some components, the authors are able
to reconstitute KSHV-induced pro-IL-1b
processing.
The results are somewhat surprising,
since IFI16 had previously been excluded
as potential inflammasome activator, as,
in contrast to AIM2, it does not constitu-
tively activate the inflammasome when
overexpressed (Hornung et al., 2009).
However, Kerur et al. demonstrate that it
is IFI16, rather than AIM2, that is respon-
sible for KSHV-induced activation of
the inflammasome, as shRNA targeting
AIM2 had no effect on pro-caspase-1 pro-
cessing in KSHV-infected endothelial
cells. They do, however, observe a tran-
sient association between AIM2 and ASC
2 hr after KSHV infection, suggesting thate 9, May 19, 2011 ª2011 Elsevier Inc. 351
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Figure 1. Dual Function of IFI16 in Endothelial Cells Infected with
Kaposi Sarcoma-Associated Herpesvirus
IFI16 can sense viral DNA and activate transcription factors such as NF-kB via
the adaptor protein STING. This leads to the transcription of proinflammatory
cytokines such as pro-interleukin-1b (pro-IL-1b). Kerur et al. demonstrate that
after the sensing of KSHVDNA in the nucleus, IFI16 can also associate with the
inflammasome component ASC. This leads to the translocation of the IFI16-
ASC complex to the cytosol and the activation of caspase-1 (Casp-1), which
processes pro-IL-1b to its active form IL-1b.
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KSHV sensing at that time,
possibly while the virus
particle transits through the
cytoplasm before the estab-
lishment of latency in the
nucleus. IFI16 appears to
have a dual function in the
KSHV-induced production of
proinflammatory cytokines in
this system, as in addition to
being required for inflamma-
some activation, pro-IL-1b
and IL-6 transcription were
also IFI16 dependent. As
pro-IL-1b and IL-6 are NF-
kB-dependent genes, this is
consistent with the previously
described function of IFI16 as
an activator of this transcrip-
tion factor during infection
with the herpesvirus HSV-1
(Unterholzner et al., 2010).
Apart from NF-kB activation,
HSV-1 required IFI16 for
IRF3 activation and type I
IFN induction, so it will
be interesting to determine
whether this is true for KSHV,
and/or other herpesviruses.
Furthermore, it has yet to
be determined whether the
function of IFI16 as an inflam-
masome activator can be
extended to other cell types,
apart from endothelial cells,
or other DNA viruses, apart
from KSHV.
A further, particularly in-
triguing hypothesis pre-sented by Kerur et al. is that IFI16 senses
KSHV DNA in the nucleus and that it may
activate a nuclear pool of ASC before
exiting the nucleus to cause pro-IL-1b
processing in the cytosol (Figure 1). The
authors present several lines of evidence
that support this notion: They observe
colocalization of KSHV genomic DNA
with IFI16 in the nucleus of infected endo-
thelial cells and colocalization of nuclear
ASC and IFI16 at early times after infec-
tion. Also, they show that a predominantly
nuclear form of ASC containing a nuclear
localization signal can be activated by
IFI16 to cause pro-caspase-1 processing
when the system is reconstituted in
HEK293 cells. Furthermore, the function
of IFI16 as an inflammasome activator
may be particular to DNA viruses such352 Cell Host & Microbe 9, May 19, 2011 ª20as KSHV, which replicate and maintain
their genomes in the nucleus, since IFI16
did not affect inflammasome activation
after infection with vaccinia virus, a DNA
virus that replicates in the cytosol and
that has previously been shown to acti-
vate an AIM2-containing inflammasome
(Rathinam et al., 2010).
If IFI16 does indeed recognize the pres-
ence of viral DNA in the nucleus, the ques-
tion arises as to how IFI16 distinguishes
viral genomic DNA from the abundance
of cellular DNA in this location. While it
had previously been assumed that it is
the presence of DNA in the cytosol that
acts as a distinguishing feature between
self and exogenous DNA, this has never
been formally demonstrated. Also, at
least in the case of IFI16, DNA sensing11 Elsevier Inc.leading to innate immune acti-
vation is independent of the
sequence composition of the
DNA (Unterholzner et al.,
2010). It is possible that
cellular DNA is protected
from IFI16-mediated recogni-
tion due to its association
with histones and other pro-
tective host proteins. An
alternative and particularly
tantalizing explanation may
be that IFI16 senses DNA
damage before initiating its
innate immune signaling func-
tions. Many viruses, including
herpesviruses such as KSHV,
cause a DNA damage
response during the replica-
tion of their genome (Lilley
et al., 2007), and this may alert
IFI16 to the presence of a DNA
virus in the nucleus. In fact,
IFI16 is known to associate
with components of the DNA
damage response, such as
BRCA1, and has been shown
to assemble on genomic sites
of DNA damage in a BRCA1-
dependent manner (Aglipay
et al., 2003). Also, IFI16
can translocate out of the
nucleus after UV-mediated
DNA damage in epithelial cells
(Costa et al., 2010), in analogy
to the nuclear export of IFI16
and ASC in response to
KSHV infection observed by
Kerur et al. Thus, it is tempting
to speculate that IFI16 mightbe involved in the detection of both
‘‘stranger’’—namely, intracellular viral
DNA—and ‘‘danger’’ such as damaged
DNA. Overall, the idea of innate immune
detection of viral DNA in the nucleus is
intriguing, and this study should provoke
further investigation in order to test this
hypothesis.ACKNOWLEDGMENTS
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In this issue of Cell Host & Microbe, Bloom and colleagues elegantly show that commensal Bacteroides
species fulfill Koch’s postulates for inflammatory bowel disease in a host-genotype-specific way. This study
showcases the use of a non-germ-free mouse model to identify specific members of the microbiota involved
in disease development.Inflammatory bowel disease (IBD) refers to
a group of chronic and relapsing inflamma-
tory conditions of the gastrointestinal tract,
most notably ulcerative colitis and Crohn’s
disease. The etiology of IBD is poorly
defined; however, genetics, environment,
and gut microbes all play a role in these
multifactorial diseases (Matricon et al.,
2010). Genome-wide association studies
have revealed that host genetics play an
important role in susceptibility with approx-
imately 100 susceptibility loci having been
identified (Sun et al., 2011). Many of these
genes play a role in pathways involved in
sensing and responding to the microbiota.
The role of the microbiota in the pathogen-
esis of IBD is inferred through both clinical
and laboratory data, including the facts
that remission ensues following diversion
of fecal flow, that antibiotic treatment often
ameliorates thedisease,and thatgerm-free
mice do not develop spontaneous colitis
(Sartor, 2008). The initial search for patho-
genic organisms that might cause disease
suggested E. coli and Mycobacterium
aviumparatuberculosisas potential culprits
(Sartor, 2008).However, the inability to fulfill
Koch’s postulates and consistently find
a single pathogen resulted in a theory that
disease was associated with an imbal-ancedmicrobial population or ‘‘dysbiosis.’’
Consistent with this theory, the microbiota
in IBD patients exhibits an abnormal
composition with decreased abundance
of Firmicutes and Bacteroidetes and
concomitant increase of Proteobacteria,
particularly Enterobacteriaceae, and Acti-
nobacteria compared to healthy individuals
(Sokol et al., 2008). However, the question
remains whether changes in microbial
composition are playing a causal role in
disease induction, or if they are simply a
product of inflammation and only symp-
tomatic of the condition.
Currently, little is known about the roles
of specific bacteria in the pathology of IBD
in a host-specific context, anddiseasehas
not been consistently associated with a
specific bacterium (Frank et al., 2007;
Sartor, 2008). Studies on the impact of
specific intestinal bacteria in IBD develop-
ment have been performed (Garrett et al.,
2010; Rhee et al., 2009). However, they
rely mainly on germ-free mice, which rai-
ses questions regarding the validity of the
results, due to the altered immune status
of these mice, as well as their relevance
in studying the disease in IBD patients.
Bloom and colleagues (Bloom et al.,
2011) shed light on the issue by using aconventionally raised mouse model that
is genetically susceptible to IBD. With a
normal microbiota, these genetically
susceptible mice spontaneously develop
colitis. However, by depleting some
members of the normal microbiota with
antibiotics, they were able to prevent co-
litis. They were then able to restore colitis
by introducing commensal Bacteroides
species isolated from healthy mice, but
not with members of the Firmicutes or
Proteobacteria phyla. When these same
Bacteroides species were introduced
into antibiotic-pretreated nonsusceptible
mice, they colonized to the same levels
as susceptible mice but did not cause
any signs of disease, indicating the geno-
type-specific nature of this harmful inter-
action. In susceptible mice, Bacteroides
activated both innate and adaptive im-
mune responses, consistent with clinical
observations in IBD patients. Of particular
importance to the theory of dysbiosis in
IBD, Bacteroides species were not partic-
ularly enhanced in diseased mice, sug-
gesting that they would not have been
predicted to have a disease-inducing
potential. Conversely, members of the
Enterobacteriaceae family were increased
in IBD-susceptible mice, similar to othere 9, May 19, 2011 ª2011 Elsevier Inc. 353
